To investigate the transport behaviour of fractured rocks (tightly compacted granular material) under loading/unloading, a dual permeability model was applied by means of numerical simulation. The numerical samples had a size of 80 × 80 mm 2 and consisted of granular material with average grains of 1.6 × 1.6 mm 2 in size. The grain boundaries were strongly bonded and the samples behaved like intact rock blocks mechanically, but the grain boundaries were permeable and provided the primary permeability for the matrix. Fractures might initiate and grow along the grain boundaries where the level of stress exceeded their strength. The fractures newly created and the pre-existing ones that were embedded within the samples might be much more permeable than the passive grain boundaries, and they would dominate the transport behaviour of the samples if a connected fracture network formed. By increasing fluid pressure (constant differential stress) and increasing differential stress (constant fluid pressure), two types of loading schemes were applied to the samples. As a result, connected fracture networks developed at a certain stress state. The evolution of fractures and fracture networks greatly altered the flow patterns; main flows were being concentrated within those continuously open fracture networks. On the other hand, the change in hydraulic conduits has led to a strong modification of the fluid pressure distribution. Under low effective mean stress (high fluid pressure), secondary percolation phenomena occurred in the loading plane because of the presence of a connected network of open fractures. In this case, the permeability in the loading plane and in the direction perpendicular to the plane increased greatly. Under high effective mean stress (highly differential stress and constant fluid pressure); however, such a secondary percolation threshold was unlikely to exist, although a connected network developed at a critical stress state. This was because most of those fractures created did not open under high effective mean stress, and the deformation was characterized by grain boundary sliding and isolated, dilational jogs at the intersections of grain boundaries. In this case, the permeability in the loading plane had a slight reduction caused by lack of continuously open fractures, but the permeability in the direction perpendicular to the loading plane increased sharply and became highly localized. The deformation and permeability of the samples were examined when subjected to cycling loads. The fluid pressure alternated between the hydrostatic fluid pressure and a higher fluid pressure (supra-hydrostatic) at which the samples became unstable. During the cycling loading the fractures opened and closed periodically, and the permeability increased and decreased correspondingly. When the fluid pressure decreased from a high level to a low level (loading) in a cycling load, the permeability and deformation of the samples did not totally return to the previous state, indicating a clear plastic deformation. After a number of cycling loads, the plastic deformation and permeability increased progressively, which suggests strong path-dependent behaviour. The overall permeability of the samples increased with increasing extensional strain. For the same extensional strain, the permeability was greater under a low effective mean stress than under a high effective mean stress, and greater during continuous loading than cyclic loading.
Study of fluid flow of deforming rocks I N T RO D U C T I O N
The initiation and growth of fractures is of importance to our understanding of the evolution of deformation and fluid transport in fractured rocks. The deformation and permeability of fractured rocks may increase super-linearly with the increase in fracture density (e.g. Englman et al. 1983; Shimo & Long 1987; Rasmussen 1987; Crampin 1994; Zhang & Sanderson 1994) , in particular where fracture density exceeds a critical value (Zhang & Sanderson 1998; Sanderson & Zhang 1999) . In impermeable rocks, the propagation of isolated fractures may form connected networks providing the only path for fluid transport. In permeable rock such networks provides a quick channel for fluid flow, whilst pore spaces provide the storage for fluids.
There is a very practical side to the investigation of the effects of fracturing on deformation and fluid flow. Veined metamorphic rocks are common, and are taken as evidence of fracture-controlled fluid flow (e.g. Fyfe et al. 1978; Yardley 1983 ). For example, in ancient flow systems, focused flow is an almost universal characteristic of vein-hosted mineral deposits and is often associated with periods of tectonic activity (Sibson 1990; Zhang & Sanderson 1996a ). During such events, fractures are likely to initiate and propagate, which enhances the potential for mineral deposits. Complied with this, both microcracking and grain-boundary dilatancy that occur during fracture propagation can be crucial processes in promoting fluid access into seemingly unfractured domains of metamorphic rocks, and consequently promoting retrograde alteration of higher P-T mineral assemblage (Barker & Zhang 1998) . Furthermore, fracturing of rocks remains an important issue in engineering practice. Recent field observations have shown that despite their relatively small diameters, wellbores in many gas and oil fields can be affected by the presence of natural fractures and those created during drilling (Santarelli et al. 1992) . For example, in the Cusiana field, Colombia, the presence of fractures and a high differential stress were considered to have been major causes of wellbore instability (Last et al. 1995; Zhang et al. 1999) .
In order to investigate the behaviour of deformation and permeability of fractured rocks under loading/unloading, a dual permeability model with which the matrix flow and fracture flow can be simulated has been developed by using a modified universal distinct element code (UDEC). On the basis of such a model, the following have been investigated:
(1) the evolution of microcrack growth; (2) the stress conditions at which connected fracture networks forms;
(3) the changes of permeability as a result of growth of microcracks; (4) the secondary percolation phenomena of deforming fractured rocks;
(5) the effects of effective mean stress; and (6) cycling loads and path-dependent behaviour.
D E F O R M A B L E A N D F R A C T U R I N G M AT R I X M O D E L
In this study, an approach has been used to simulate the cracking of intact rock blocks that are internally deformable. The grains within an intact block are simulated with randomly sized polygons, and an average edge length can be specified to vary the size of the grains. The algorithm for generating grains begins by distributing points randomly within the tessellation region. The interior points are then allowed to move. A procedure is used to move the points so that the spacing between points can be variable, which controls the uniformity of grains (Itasca 1996) . For the deformable and fracturing matrix model, there are different levels of deformability that contribute to the deformation behaviour of a fractured rock.
(1) The grains themselves are internally deformable with adjustable properties, such as their strength and stiffness. Thus, the continuum behaviour of rocks is simulated by the continuous internal deformation within the grains and the deformation along grain boundaries, if no microcracks occur under a relatively low stress level. Different deformation behaviour at this level can be modelled by using different grain materials, such as quartz and calcite, etc.
(2) The bonds of grains can be designed to be representative of the physical response of different grain boundaries. The model provides a linear representation of grain boundary stiffness in normal and shear directions. There exists a limit of the strength of the boundaries between grains, which is based on the frictional, cohesive and tensile strength properties and is related to the stiffnesses and dilation characteristics common to grain boundaries. Where the stress level exceeds the strength of the bond between grains, the bond will break and a microcrack forms between the grains. Thus, cracks initiate between grains and can grow along grain boundaries. The deformation at this level usually dominates the internal deformation of intact rock blocks.
(3) Pre-existing fractures may be introduced, either along grain boundaries or cutting through grains. These fractures can be generated with specific size and orientation and with adjustable strength and stiffness. Usually, the fracture surfaces have much lower strength and stiffness than those of the grain boundaries. The grains around the tips of pre-existing fractures may experience higher stresses, leading to the nucleation and propagation of microcracks within such areas. New fractures can be added into the fracture network. The movements along fractures may dominate the deformation of the system of rock blocks. As a result, the hydraulic behaviour of the system changes with the evolution of the fracture network.
The formulation for grain deformation is described by an elasto/Mohr-Coulomb plastic criterion. This allows the grains to deform plastically.
The deformation of grain boundaries is formulated by a Coulombslip model and with an additional tensile strength. The amount of normal and tangential displacement between two adjacent grains can be determined directly from the grain geometry and translation and rotation of the centroid of each grain. Normal and shear force increments between grains are related to the incremental relative displacements according to the contact normal and shear stiffnesses of the grain boundaries. During the process of modelling, the stress state within every grain and at every grain boundary is checked at each calculation step. Tensile microcracks occur where the tensile intensity exceeds the tensile strength, and shear microcracks develop where the shear stress intensity is larger than the shear strength. The tensile and cohesive strength of a grain boundary will no longer exist once a microcrack develops, which simulates permanent damage at the grain scale. Macro fractures may form where these microcracks link together. The deformable and fracturing matrix model is illustrated in Fig. 1 , showing the hierarchic structures down to grains in geometry and deformation. The features of deformability, for both grains and grain boundaries, were also described by Zhang et al. (1999) . In this way, the failure of grains and their boundaries can be simulated at the grain scale, and it is possible to model progressive failure associated of a fractured rock with or without the pre-existing fractures. Reasonable results are expected when the simulated grain size is much smaller than the scale of fractures to be simulated.
D UA L P E R M E A B I L I T Y M O D E L
A dual permeability model has been used in this study together with the deformable and fracturing matrix model. The grain boundaries serve as conduits for matrix permeability where the grain bonds are not broken, and the pre-existing and created fractures along some of the grain boundaries are the main channels for fluid transport where the fractures are open. The exchange of fluid between unbroken grain bonds and fractures is allowed to give the dual permeability model. Where no connected network exists, the pre-existing fractures and those created may provide the dominant path for regional transport caused by their much larger aperture. Where connected networks form, they will dominate the fluid transport of the whole region. Owing to the matrix permeability that is simulated by the hydraulic conductivity of grain boundaries, this type of dual permeability model is especially suitable for low permeable matrices, such as granites that have low porosity and tightly interlocked and bonded grains.
In the flow model, the computations determine the updated geometry of the system, thus yielding the new values of the aperture of grain boundaries and fractures and the volumes of all domains. Flow-rates through the aperture and voids in the loading plane can be calculated from the formulation of the cubic law.
where p is the pressure differential between adjacent domains, k j is a fracture permeability factor the theoretical value of which is 1/12µ, µ is the dynamic viscosity of the fluid, a is the hydraulic aperture and l is the length assigned to the contact between the domains. Then, the domain fluid pressures are updated, taking into account the net flow into the domain and possible changes in domain volume caused by the incremental motion of the surrounding grains and rock blocks.
The flow rates in the third dimension can be calculated using the cubic law and an equivalent pipe formulation (Zhang & Sanderson 1996b; Sanderson & Zhang 1999) , depending on the shapes of voids.
Knowing the new domain pressure, the forces exerted by the fluid on the edges of the surrounding grains and blocks can be obtained. These forces are then added to the other forces to be applied to the grain gridpoints, such as the mechanical contact forces and external loads. As a consequence of this procedure, effective normal stresses will be obtained for the mechanical contacts.
The hydraulic aperture of a grain boundary a is given by
where a 0 is the aperture at zero normal effective stress and D n is the contact normal displacement that is controlled by the normal stress and the grain properties. A minimum aperture size a res is assumed below which mechanical closure does not affect the contact permeability. Where the hydraulic pressure exceeds the normal stress acting on a grain boundary, it is possible to open the grain boundary so that the aperture is larger than a 0 . Thus, a compressive effective stress will cause apertures to partly close, while a zero effective stress will allow them to open to a width greater than a 0 . In this study, microcracks are used to describe those discontinuities at the grain scale, and fractures are used to indicate those continuous microcracks and the pre-existing fractures.
The conceptualization of dual porosity and dual permeability is different, as illustrated by Barker (1991) . For a dual porosity model, the medium can be treated as two overlapped media (the matrix and fracture phases corresponding to the primary and secondary porosity, respectively) with an exchange mechanism. In this case, the fractures provide the dominant path for regional transport, while the fluids in the matrix are immobile. Dual permeability models are for the case where there is significant regional transport in the fractures and in the matrix. Baca et al. (1984) presented a method for simulating dual permeability in rock with discrete fractures by using finite elements to represent the blocks but line elements for the fractures. Also, Rasmussen (1987) used a similar boundary integral formulation for a dual permeability model. For the dual permeability model used in the present research, direct exchange of fluids between matrix and fractures is allowed, depending upon the attributes of the flow channels, which is determined by the deformation of grain boundaries and fractures, such as opening, closure and sliding.
R E S U LT S

Model geometry and initial conditions
A model of bonded granular material embedded with three parallel, isolated fractures was simulated using a modified UDEC code. A 2-D horizontal plane strain section, orthogonal to the vertical direction was used to investigate the deformation, but the permeability in the third dimension was estimated according to the geometry of grains and openings and closures created during loading and unloading. The model had a size of 0.08 × 0.08 m 2 and consisted of approximately 2500 bonded granular (polygonal) grains that had an average size of 1.6×1.6 mm 2 , as shown in Fig. 1 . The sizes of grains and boundaries were of the typical sizes for a fractured crystalline rock (e.g. Barker 1991): fracture aperture, 0.01-1 mm; microcrack aperture, 0.01-10 µm; grain sizes, 0.1-10 mm. These grains were further divided into approximately 40 000 elements for internal deformation. The boundaries of grains provided microscopic paths for fluid flow, but considerable strength existed between the grains so the grains themselves could be treated as intact rock mechanically. Three pre-existing, parallel fractures were embedded within the central region of the model in an en echelon fashion. The spacing of the fractures was 10 mm, and the length of each fracture was 14 mm with an overlap of 4 mm. The properties of the grains, the grain boundaries and the pre-existing fractures are shown in Table 1 .
The model was assumed to locate at a depth of 3000 m, subjecting to an overburden, σ v = 75 MPa in the vertical direction. The 2-D model represented a horizontal plane section of the sample, and the fractures were assumed to be vertical. Under such a condition, the major principal stress must be one of the horizontal principal stress, so the major horizontal principal stress was larger than the vertical stress, and σ H = 90 MPa, and the minor horizontal principal stress, σ h = 60 MPa. For a hydrostatic pressure, P f = 30 MPa, the initial effective principal stresses were:
Modelling of permeability of an intact rock sample
Before the investigation into the dual permeability model, the matrix permeability of the intact rock of the sample in Fig. 1 was examined numerically under different confining stress levels. In this case, the permeability of the sample was determined by the aperture of the grain boundaries only (Table 1) . The model was initially loaded under a confining stress σ H = σ h = 40 MPa. After an equilibrium state was reached, a fluid pressure of 10 or 30 MPa was applied, respectively, until a further steady-state was obtained. Owing to the compressive stress, the grain boundaries closed to some degree, but no broken bond occurred. Then, flow tests were carried out by applying a pressure gradient of 1 kPa m −1 along the boundaries parallel to the y-axis. During flow tests, the mechanical response of the samples was held so that the flow rates were calculated without the effects of the applied fluid pressure gradient. The flow rates were measured along the two boundaries normal to the fluid pressure gradient, and higher flow rates were measured where the higher fluid pressure was applied (Fig. 2a) .
In order to understand the effects of confining stress level, the confining stress was increased from 40 to 140 MPa within an interval of 20 MPa. With increasing confining stress, the flow rates decreased, as shown in Fig. 2 (b) for the flow rates under a confining stress of 140 MPa. Note the difference of the scales of the flow rates in Figs 2(a) and (b). The simulated matrix permeability of the sample is shown in Fig. 2 (c) against different confining stresses under two different fluid pressures. For a tightly compacted granular material such as granitic rocks, the permeability simulated is fairly close to that in the laboratory (Kovas & Associate 1981; Bear & Verruijt 1987) .
Baseline analysis: increasing fluid pressure (decreasing effective mean stress)
In order to understand the effects of the pre-existing fractures, the dual permeable model in Fig. 1 was initially loaded with the coupled mechanical and hydraulic effects (S v = σ v − P f = 45 MPa; S H = σ h − P f = 60 MPa; S h = σ h − P f = 30 MPa) until an equilibrium state was reached. Then higher fluid pressures were applied with an incremental rise in pressure of 1 MPa at early stages and 0.5 MPa at late stages. At each of the stages an increment in fluid pressure was applied after the model had been in equilibrium, which was monitored with the unbalanced force of the system and its displacements. The loading process continued until the model became unstable under a critical fluid pressure at which time the unbalanced force and displacements of the system were rapidly increasing.
At the loading orientation of 30
• between σ H and the direction of the pre-existing fractures, the model became unstable at the critical fluid pressure of 58.5 MPa, which was less than the confining stress (σ h = 60 MPa). Fig. 3 shows the hydraulic aperture of the distributions at three specific fluid pressures. Under the hydrostatic fluid pressure, the maximum hydraulic aperture was 0.049 mm (Fig. 3a) , slightly less than the value of the pre-existing fracture at zero normal stress, indicating a slight closure of the pre-existing fractures. Under a fluid pressure of 58 MPa (just before the critical fluid pressure), the sample showed a slight dilational deformation, indicated by those slightly opened grain boundaries, in particular around the tips of the existing fractures (Fig. 3b) . The maximum hydraulic aperture was 0.055 mm at this stage, indicating a slight dilation of the pre-existing fractures. The dilation of the grain boundaries was relatively small and less than 0.02 mm, but a potential shear zone subparallel to the major horizontal principal stress (σ H ) formed. At the critical fluid pressure of 58.5 MPa, the sample developed unstable deformation, and connected dilational shear zones formed between the pre-existing fractures (Fig. 3c) . At this stage, the maximum hydraulic aperture was 0.086 mm. There were intensive dilation zones between the pre-existing fractures, but considerably developed dilation zones also formed within the margin areas.
At the three specific stages, flow tests were carried out by applying a pressure gradient of 1 kPa m −1 along the boundaries parallel to the pre-existing fractures. During flow tests, the mechanical response of the samples was held so that the flow rates at the three stages were calculated without the effects of the applied fluid pressure. At the stage of the hydrostatic pressure of 30 MPa or effective mean stress of 45 MPa, the grain boundaries provided the main flow channels, although the three pre-existing fractures caused significantly concentrated flows locally (Fig. 4a) . The flow had approximately the same direction as that of the pressure gradient; the maximum component of the horizontal permeability was 0.42 × 10 −17 m 2 in the direction of the fluid pressure gradient and the vertical permeability, 59.1 × 10 −17 m 2 , was approximately two orders higher than the horizontal one.
Under a fluid pressure of 58 MPa or an effective mean stress of 17 MPa (before the critical fluid pressure), the permeability in the horizontal and vertical directions increased significantly to 0.92 and 67.5 × 10 −17 m 2 , respectively. Note that the direction of the horizontal flow, where created fractures existed, altered and was approximately parallel to the direction of the major horizontal principal stress (Fig. 4b) , although the variation of the direction of the matrix flow was insignificant.
At the critical fluid pressure of 58.5 MPa or effective mean stress of 16.5 MPa, the created fractures provided continuous flow paths and concentrated flows formed (Fig. 4c) . At this stage, the permeability had a further increase to 2.5 and 406 × 10 −17 m 2 in the horizontal and vertical directions. For a slight increase of 0.5 MPa in fluid pressure or a decrease of 0.5 MPa in effective mean stress, the flow pattern was characterized by continuously concentrated flows, and the flow direction was dominated by that of the applied horizontal stress.
Owing to the variation in hydraulic conduits, the distribution of fluid pressure has also been modified. Fig. 5 shows the evolution of the fluid pressure distribution at different stages of deformation of the sample. A uniform pressure gradient existed only where the sample had a uniform permeability; localized deformation caused a highly variable distribution of fluid pressure, although the farfield pressure gradient was uniform. A larger pressure gradient was Fig. 4 during flow tests. The sample was subjected to a uniform gradient of fluid pressure along the boundaries parallel to the pre-existing fractures, but the fluid pressure gradient has been greatly modified internally owing to the change in hydraulic aperture created under different loading fluid pressures, as shown in Fig. 3 . This figure shows the evolution of the fluid pressure during deformation and the interaction between the fluid pressure and the deformation. located within those regions having lower permeability. Note that the inner and boundary fluid pressure were the same and had a constant value to simulate a uniform effective stress within the sample during the mechanical modelling. However, for calculating the flow rates, a uniform fluid pressure gradient was applied along the boundaries only, so the inner fluid pressure could vary according to the geometry of hydraulic conduits. Fig. 6(a) shows the relation between the fluid pressure and the extensional strain of the sample in the direction of minor horizontal stress (σ h ), an increase in the sample length. Prior to the critical fluid pressure, the extensional strain was rather small (∼0.25 per cent), and the extensional strain had a sudden increase at the critical fluid pressure (1.1 per cent). For a small change in extensional strain from 0.25 to 1.1 per cent, both permeabilities, in the vertical and horizontal directions, increased sharply as a result of those created and opened fractures. However, the magnitude of the horizontal permeability was much smaller than that of the vertical one (Fig. 6b) . This was partly because of the nature of the 2-D model. The opened fractures were vertical, each of which provided a very permeable channel for fluids in the vertical direction, but unnecessarily so for the fluids in the horizontal direction if no connected fracture formed (Sanderson & Zhang 1999) . This would overestimate the vertical permeability and will be discussed later.
Further tests were carried out to examine the deformation of the sample related to different directions of σ H (45
• and 60
• with the direction of the pre-existing fractures) using the same loading scheme (increasing the fluid pressure). At 45
• , a slightly higher fluid pressure of 59 MPa (effective mean stress of 16 MPa) was required to destabilize the sample, and even higher fluid pressure of 59.5 MPa (effective mean stress of 15.5 MPa) was required in the loading direction of 60
• . Apparently, the loading direction had a bearing on the deformation, and the presence of the pre-existing fractures reduced the strength of the sample to some degree. The aperture distributions caused by the unloading at different directions are shown in Fig. 7 . For the specific pattern of the pre-existing fractures, their interference with deformation was of significance in the loading direction of 45
• ; almost a single dilation zone developed in the loading direction and intensively shearing fractures developed between the pre-existing fractures (Fig. 7a) . However, at the loading direction of 60
• , a number of smaller dilational zones formed within the whole region (Fig. 7b) , indicating less interaction between these pre-existing fractures. This suggests that the interaction between en echelon fractures and deformation between such fractures would be related to their geometry with respect to the loading direction.
Regardless of the direction of loading, the fractures remained open, although the fluid pressure was lower than the confining stress. Dilational shearing along the grain boundaries appears to be an important mechanism for achieving this. A similar mechanism has been proposed by Rutter (1997) to explain the extraction of granite melts from granular materials. He argues that veins must be held open by the non-hydrostatic stresses in the rock, with shear failure along surfaces obliquely interlinking the veins. This is essential for opening under conditions such that the fluid pressure in the veins being less than the confining stress. The mechanism of keeping fractures open by dilational shearing has also been demonstrated by Zhang & Sanderson (2001) , who state that the fluid pressure must be equal to or above the normal stress to open fractures if no dilational shearing developed.
As a result of forming a connected network of open fractures, a secondary percolation phenomenon occurred at the critical fluid pressure, which featured concentrated fracture flows and a sudden increase in the magnitude of the permeability and the fluid flow. In general, the variation of deformation and permeability caused by high fluid pressure is similar to those observations at shallow depths (low confining stress) where fault movements are associated with grain boundary sliding, dilation and disaggregation (Sibson 1987; Knipe 1992 ). Under such circumstances, a sudden increase in permeability is expected.
High effective mean stress
Another loading scheme involved fixing the fluid pressure and increasing the maximum horizontal principal stress. This was applied to the same sample to examine the deformation and permeability under higher confinements (higher effective mean stress). The initial σ H was set at 70 MPa, and the fluid pressure and σ h were kept unchanged at 30 and 40 MPa, respectively. An increment of 10 MPa in σ H was added during the loading process. In this way, the effective mean stress in the loading plane started from 25 MPa (the effective Figure 9 . Microdeformation around the pre-existing fractures and stress distributions within two local regions at the critical stress, including opening, sliding and compaction along grain boundaries. (a) Under a relatively high effective mean stress of 60 MPa (see Fig. 8b , left), deformation was characterized by sliding and compaction and those isolated openings caused by dilational jogs along grain boundaries. Also, some grains underwent a large deformation, indicated by those failed elements within grains. (b) Under a relatively low effective mean stress of 16.5 Mpa (see Fig. 3c ), continuous openings and sliding along grain boundaries were the main features.
horizontal principal stresses were 40 and 10 MPa, respectively) with an increment of 5 MPa.
Just before the critical stress (under an effective mean stress of 55 MPa), many new cracks formed, in particular around the preexisting fractures (Fig. 8a, left) . Owing to relatively high effective mean stress, the deformation between grains was dominated by compressive shearing rather than dilational slip. The dilational voids were composed of opened jogs at grain boundaries and were much shorter (Fig. 8a, right) than those created under a relatively low effective mean stress (Fig. 3b) . In general, these dilational voids were unconnected and hardly formed connected fracture networks even locally. At the critical stress state (under an effective mean stress of 60 MPa), a much larger deformation developed, but the deformation feature was still dominated by compressive shearing along grain boundaries (Fig. 8b, left) . The dilational voids had larger opening, but were still very short and isolated (Fig. 8b, right) .
The microscopic deformation at the grain level around the preexisting fractures within two local regions (Fig. 8b, left) is shown in Fig. 9(a) and is compared with those developed under high fluid pressure (Fig. 9b) . Under high effective mean stress, grains were subjected to rather high stress in magnitude; the failure of the elements within grains occurred, indicating the formation of transgranular cracks, which led to larger internal deformation of grains (Fig. 9a) . In this case, sliding, compaction (indicated by those thick dark lines between grains) and local opening caused by sliding were the main features (Fig. 9a) . On the other hand, under a high fluid pressure, continuously open fractures formed, and sliding was insignificant and there was no compaction (Fig. 9b) . Another important characteristic of grain deformation was the rotation of individual grains. Fig. 9 , which shows that the rotation of the grain is an important mechanism of microdeformation at the grain level. The dark triangle indicates the relative direction and magnitude of grain rotation. (a) Under a relatively high effective mean stress of 60 MPa (loading by increasing differential stress), a relatively large rotation occurred, which created large, isolated openings; (b) under a relatively low effective mean stress of 16.5 MPa (loading by increasing fluid pressure), a relatively small rotation occurred, which created continuous, long openings. Fig. 10 shows the relative rotations of grains within the same local regions under different loading conditions. It seemed that the grain rotation was locally distributed; the direction and magnitude of rotation of individual grains varied from one grain to another, although the far-field stress was the same. The direction and magnitude of far-field stress might play a role in controlling the rotation of grains, but the geometry of individual grains and the local stress conditions were the major factor. Under a high effective mean stress, larger rotation was observed (Fig. 10a) , which promoted the creation of those isolated, large voids.
The horizontal flow rates subject to a pressure gradient in the ydirection are shown in Fig. 11 for the sample at three different loading states. Under a low differential stress (also a low effective mean stress), the flow was rather uniform, although the pre-existing fractures channelled more flow (Fig. 11a) , and magnitude was slightly higher than that in Fig. 4(a) arising from a slightly lower effective mean stress. Just before the critical differential stress, the distribution of the horizontal flow rates was rather different (Fig. 11b) , although the horizontal permeability of the whole sample had no significant increase. This was because no connected networks of open fractures formed. At this stage, however, fracture flows dominated the flow pattern and their directions were parallel to the major horizontal stress. At the critical differential stress (high effective mean stress), the flow rates had a considerable reduction, although large openings existed locally (Fig. 11c) . Note that the scales for flow rates increased from (a) to (c) in Fig. 4 , and the scales were the same in Fig. 11 . The reduction of permeability indicates that fluid flow depends not only on the permeability of individual features but also on connectivity (Antonellini & Aydin 1994; Zhang & Sanderson 1998 ).
Extensional strain versus differential stress is shown in Fig. 12(a) . Note that just before the critical differential stress of 90 MPa, the extensional strain was approximately 1.6 per cent, whereas a much larger strain (3.7 per cent) developed at the critical differential stress of 100 MPa. For extensional strain from 1.6 to 3.7 per cent, the vertical flow increased by approximately an order of magnitude, from 12 to 106 × 10 −14 m 2 ; for the same change in strain, the maximum horizontal permeability decreased from 0.056 to 0.042 × 10 −14 m 2 (Fig. 12b) . The reduction of horizontal permeability occurred because those continuously open fractures were destroyed by local compaction between grains during shearing under a high confining stress. The vertical permeability against extensional strain is shown in Fig. 12(c) for the sample under different loading schemes. By increasing the fluid pressure, a rather small extensional strain, ∼ 0.8 per cent would cause a considerable increase in the vertical permeability, but ∼ 2.7 per cent extensional strain was required for the same increase in permeability if loaded by an increasing differential stress (increasing effective mean stress). This model demonstrated that under a high confining stress, a reduction of the permeability in the loading plane might be expected. This is in agreement with the observation of cataclastic rocks associated with slip zones under a high confining stress. Generally, such rocks have low permeabilities, caused by compaction of grains, fine grain size and the presence of clay minerals (e.g. Logan 1991) . Anisotropy is an important feature of the permeability created by fracturing; the flow rates being almost parallel to the shearing direction (Figs 4c , 11b and c) . This fabric development in the models has led to highly anisotropic permeability, with very low permeability perpendicular to slip bands, but enhanced permeabilities parallel to slip bands. On a large scale, the occurrence of lens-like bodies of low permeability cataclastic rocks suggests that the flow may be channelled within fault zones (e.g. Smith et al. 1990 ).
The results obtained from different loading schemes show the following.
(1) Low confining pressures or abnormally high fluid pressures favour the development of dilatant deformation bands and continuous openings between grains with a net increase in porosity and permeability, as commented by Antonellini & Aydin (1994) , Fowles & Burley (1994) and Knipe (1992) . In these cases, fault movements are associated with disaggregation, grain boundary sliding and dilation. A highly effective mean stress simulates the conditions at greater depths where the dominant deformation mechanisms during rupture is cataclasis. On rupture under high confining stress, shearing causes a collapse of the pre-existing dilation. As a result, following cessation of movement, the permeability may be rapidly reduced by compaction (e.g. Knipe 1992) .
(2) In the modelling, the incremental increase in permeability is less than two orders because of the increase in extensional strain of between 1.1 and 3.7 per cent, depending upon the loading conditions. These values are smaller than those observed by . This is because this dual permeability model simulates a tightly compacted granular material, to be discussed later.
(3) The permeability created because of the growth of fractures, in particular under high confinements, is of high anisotropy. The permeability parallel to the shearing is much higher than that across it. As commented by Smith et al. (1990) and Bruhn et al. (1994) that the predominance of fractures parallel to the fault zone can result in a local anisotropy with permeability along the fault some three to four times higher than across it. Fracturing parallel to the gouge zone during rupture (e.g. Logan 1991) can create significant fluid pathways parallel to the slip zone if they are sufficiently well connected.
Cycling loads
Repeated episodes of fault slip, fault dilation, hydrothermal sealing and growth of spatially associated hydraulic extensional fractures are common to many faults (e.g. Newhouse 1942; Boullier & Robert 1992; Cox 1995) . For example, on the Wattle Gully Fault, repeated fault failure has occurred at supralithostatic fluid pressure and relatively low differential stress (e.g. Cox 1995) . In the present study, the sample modelled in the baseline analysis was loaded again under cyclic loading. As discussed previously, the deformation of the sample was composed of different levels with elastic and plastic components. Hence, the plastic component of deformation would not be expected to restore during unloading.
The sample was loaded under two different fluid pressures, the hydrostatic pressure of 30 MPa at which the sample was stable and the supra-hydrostatic fluid pressure of 58.5 MPa at which the sample started to slide, as shown in Fig. 13(a) . During higher fluid pressure the sample developed dilation and sliding, and under lower fluid pressure the reverse of the dilation and sliding was observed. However, the sample was not fully restored to the pre-loading state (i.e. a permanent deformation (an inelastic component) developed). The displacements at two monitored locations were shown in Fig. 13(b) , and the associated extensional strain of the sample is shown in Fig. 13(c) . As the episodic change in deformation, the vertical permeability also changed episodically (Fig. 13d) , and increased under unloading and decreased under loading. The incomplete recovery at each increment of unloading gave rise to a progressive increase in vertical permeability. Because the evolution of strain and permeability was not linear with the progress of cyclic loading, larger increments of permanent deformation developed at successive stages of cyclic loading/unloading, which resulted in progressively larger increase in vertical permeability. Owing to the development of permanent deformation during every loading/unloading cycle, the total deformation increased with the process. In the model no sealing/healing of fractures has been simulated, thus total deformation was likely to be overestimated.
The path-dependent deformation was a major characteristic of cyclic loading. At the grain level, grain rotation and the sliding along grain boundaries were two main factors causing permanent deformation. In the present model, loaded under different fluid pressures, the sliding along grain boundaries was insignificant, and the grain rotation was the most important component for such a deformation. Fig. 14 shows the displacements, grain rotation and aperture distribution within a local region at different stages of cyclic loading/unloading. The total values of these properties under a high fluid pressure are shown in Fig. 14(a) . At this stage, considerable displacements, rotations and aperture developed, but varied locally. After loading (changing the fluid pressure from a high value to a low value), the increments of the properties are shown in Fig. 14(b) . In general, the movement underwent a reverse of the previous deformation. The grains had opposite displacements and rotations, and the opened fractures closed to some degree. Fig. 14(c) shows the increments of these properties after unloading (changing the fluid pressure from a low value to a high value). Note that some of the grains rotated in the same direction as those during loading, and some of them rotated in the opposite direction, but within a different magnitude, as denoted by those grey grains. This indicated that the deformation did have a permanent component locally. This could also be identified by the difference between the closure and opening patterns of grain boundaries during a complete unloading/reloading cycle.
The vertical permeability against the extensional strain is compared for different loading processes (continuously loading and cyclical loading/unloading) in Fig. 15 . After continuous loading, higher porosity and permeability was obtained, compared with cyclic loading/unloading. This indicates that the macroscopic characteristics of deformation and permeability are likely to be related to the loading path.
D I S C U S S I O N S A N D C O N C L U S I O N S
The hydraulic behaviour of fractured rock, especially lowpermeability rock, is dominated by the permeability structures of various fractures. The presence of fault-host fracture arrays that differ markedly between different faulting regimes would greatly modify the permeability of rocks, both in magnitude and direction. Under different confining stress levels, with implications for different depths and faulting types (e.g. normal, reverse/thrust faults), fault displacement may generate or destroy void space during slip. Under most circumstances, faults are not discrete surfaces, and large faults represent fault systems, comprising a braided array of slip surfaces encased in a highly fractured or 'damage' zone (e.g. Bruhn et al. 1990 Bruhn et al. , 1994 Smith et al. 1990; Chester et al. 1993) .
In spite of the enormous amount of field, laboratory and theoretical work that has been directed toward the role of faults and faulting with respect to fluid flow, many questions remain unresolved owing to the difficulty of either directly observation or inferring (with some degree of confidence) physical process of deformation, deformation mechanisms and fluid transport. One of the most important questions is how are fluids transported through a fractured, deforming rock mass arising from the initiation and growth of fractures. present study, an attempt has been made to improve our understanding of the mechanisms by means of numerical modelling. On the basis of a dual permeability model, a series of tests has been carried out to investigate the evolution of fracture growth and the associated permeability. The effects of different confining stresses on the deformation and permeability were simulated; the path dependent behaviour was examined by means of cyclic loading/unloading. The main conclusions are as follows.
(1) High fluid pressure will cause the initiation and growth of fractures. At a certain stress state, connected fracture networks develop. Under a low confining stress, a secondary percolation phenomenon occurs because of the presence of a connected network of open fractures. In this case, the permeability in the loading plane and the third dimension increased greatly.
(2) High differential stresses (deviatoric stresses) will also promote the initiation and growth of fractures. However, the secondary percolation phenomenon is unlikely to occur if the confining stress is high because of the compaction of some grain boundaries even though a connected network exists. In this case, the deformation is characterized by the compaction and sliding of grains and, isolated open voids at grain intersections.
(3) The evolution of fractures greatly alters the flow patterns. Concentrated fracture flows dominate flow transport in both magnitude and direction where continuous fracture networks form. The permeability created because of the growth of fractures, in particular under high confinement, is of high anisotropy. The permeability parallel to the shearing is much higher than that across it. On the other hand, the change in hydraulic conduits leads to a strong modification of the fluid pressure distribution.
(4) Dilational shearing is an important mechanism of holding fractures open under a fluid pressure that is lower than the confining stress. Hence, continuously open fractures are likely to exist in compressive regimes.
(5) The presence of the pre-existing fractures will enhance the development of dilational shearing to some degree, depending on the geometry of the fractures. The loading direction is also a factor in the deformation.
(6) During cycling loading, the fractures open and close periodically, and the permeability increases and decreases correspondingly. When the fluid pressure decreases from a high level to a low level, the permeability and deformation does not totally return to the previous state, thus indicating a permanent inelastic deformation. After a number of load cyclings, the inelastic deformation and permeability increases, which suggests a strong loading path-dependent behaviour.
(7) The overall permeability of the model samples increases with increasing extensional strain. For the same extensional strain, the permeability is larger under a low confining stress than under a high confining stress, larger during continuous loading than cyclic loading and larger after loading during cyclic loading than unloading. This suggests that the relation of permeability and strain is also path dependent.
Numerical modelling is, however, constructing numerically a physical reality and processing its evolution. Hence, it must therefore be remembered that numerical modelling is based on a series of assumptions and thus there are limitations. In this modelling, a 2-D model was used, which assumed that the surfaces of grain boundaries were vertical.
In reality, the geometry and dimension of the pores in rocks depends on grain size, grain sorting and the presence or absence of a pore-filling cement. In general, there are three kinds of pores: (1) large almost equivalent pores at the junctions of four grains, and connective; (2) sheet-like pores along two-grain faces (Pittman & Duschatko 1970) ; and (3) a third type of pore that may occur as tube-like channels along three-grain junctions (White & White 1981; Bernabe 1991) . In this study, only the second and third pore types were simulated as a result of the 2-D model. Therefore, the permeability in the loading plane was likely to be underestimated, and the vertical permeability might be overestimated. David et al. (1994) recognize three separate mechanisms of permeability decrease with increasing pressure. The first mechanism relates to the elastic and reversible closure of cracks, and occurs in low-porosity crystalline rocks. Experimental data for such rocks show the permeability-porosity relationship to be a function of increasing pressure. This behaviour can be simulated in this model by means of the elastic deformation of grain boundaries. The second mechanism is grain rearrangement, which is non-reversible. Such deformation can be modelled well by means of grain sliding and rotation. In this case, large voids created by the grain rearrangement are an important mechanism for permeability enhancement. As the pressure increases above a critical threshold, a third mechanism involving grain crushing and pore collapse starts to occur. In the present study, intragranular cataclastic deformation is not simulated, but the internal deformation of grains would enhance the rearrangement of the grains.
Also, healing/sealing was not included in the model. This was likely to overestimate the deformation and permeability during cyclic loading. Healing/sealing could be simulated in the model with the penalty of longer computing time.
Another limit of the model was the sample size, which was not big enough to simulate a more complex geometry for the pre-existing fractures. Better results would be expected if a bigger sample size or smaller grain size were used. The initiation and growth of fractures is strongly influenced by the size of grains relative to the fracture size to be simulated. This is particularly true for the interaction between the pre-existing fractures. This will be improved by the rapid growth in computer speed and available memory.
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